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6 Summaries
The design of support system in new Austrian tunnelling method and the long-term
deformation mechanism for mountain tunnels with particular respect to the rheological
features of the surrounding rock mass are discussed in this doctor thesis. The main
conclusions are summarized in this chapter.
In Chapter 2, the basic concepts of new Austrian tunnelling method are introduced
first. It is followed by the introduction of convergence confinement method, which is a
useful tool for the design of support system in NATM. Then the ground reaction
analyses, which play an important role in the design of tunnel support system, are
discussed comprehensively. Under the axial symmetrical plane strain assumption, the
available methods can be generally divided into two categories according to their
treatments for the plastic strain: the simplified method in terms of total plastic strain and
the rigorous method in terms of incremental plastic strain. Given that the" rock mass
satisfies Mohr-Coulomb failure criterion and exhibits strain-softening behaviors, these
two categories of analyses methods are deduced respectively in this chapter. The ..
significant discrepancy between them lies in the different assumptions on the
displacement compatibility equation in terms of total or incremental plastic strain, in
other words, whether or not to consider the unloading process in displacement
calculation. Through an illustrative case, it is revealed that although the stress
distributions evaluated by these two methods agree with each other well, there exists a
considerable discrepancy between them in depicting the displacement distributions in
plastic region. The simplified method can only be used in predicting the range of plastic
region and the stress distribution in surrounding rock mass, but is estimated to have an
error ranging from 20% to 40% on common conditions in the tunnel convergence
calculation.
In Chapter 3, the reinforcement mechanics of passive bolts that are widely used as an
ordinary ground improvement means in NATM is clarified. According to the pullout
tests for passive bolts, a spring-slider model is proposed in this chapter to account for
the interaction relationship between the bolt and the rock mass. Then the additional
force provided by the passive bolt is incorporated into the equilibrium equations for
rock mass. Then based ()n the incremental theory of plasticity and the plane strain axial
symmetry assumption; a revised elasto-plastic ground reaction analyses method is
proposed in this chap.ter. The reinforcement mechanics of passive bolts in NATM is
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demonstrated qualitatively and quantitatively via an illustrative case study. The validity
of the proposed method is verified by numerical simulations via the identical case study.
The revised ground reaction curve and the bolt reaction curve can be constructed easily
by using the proposed method, which could help the design of support system in NATM.
In addition, the proposed method also permits incorporating other features about the
bolt-rock interaction model (e.g. a gradual fall-down model) or other failure criterions
(e.g. Hoek-Brown criterion) of the rock mass into further analyses. To highlight the
influences of the bolt properties on the reinforcement effect, some derivative cases are
studied. The bolt section embedded in the elastic region of rock mass hardly can take
effect on the ground reinforcement (under the scope of continuous deformation media).
On the contrary, increasing the bolt installation density can always help reinforce and
stabilizing the surrounding rock mass. The grout conditions, as well as the loading
capability of bolt itself, influence the reinforcement effect comprehensively. Among
them, a higher value ofKs is generally preferred, which means the bolt is more sensitive
to the relative shear displacement, and can exert its effect at early stage.
In Chapter 4, after some classic viscoelastic rheological models being reviewed, a
Burger-MC Deterioration rheological model is proposed. It consists of a Kelvin unit, a
.Maxwell unit and a deteriorating MC unit that are connected in series. It can account for
the conventional viscoelastic features, as well as· the strength deterioration aspect of the
surrounding rock "mass. However, another problem arises that how to evaluate the
involved parameters more realistically, since they are not easy to determine for a
particular engineering instance due to the high cost of rheological tests in the labs or in
the field. There~ore, the rheological parameter es~imation technique by using multilayer
error backpropagation artificial neural network and genetic algorithm is also proposed
in this chapter. The philosophy of the rheological parameter estimation technique can be
divided into three steps. In step one, some sets of rheological parameters are fed to the
numerical simulations and the key tunnel convergences are recorded. In step two, these
available input-output vectors (datasets) are employed to train the BN, so that the
post-trained network is expected to learn the complicated mapping relationship of the
numerical simulations in the sense of statistics. In step three, numerous estimations for
the rheological parameters are tried on the post-trained network via the genetic
algorithm, and an optimal one is selected by comparing the network outputs with the
monitoring data. In addition, this optimal estimation for the rheological parameters
should be verified by the same numerical simulations again. It is expected that there
exist numerous estimations for the rheological parameters, and it is up to the engineer to
select a "best" estimation according hislher interests.
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In Chapter 5,' the Burger-Me deterioration model and the parameter estimation
technique proposed in last chapter are applied to an engineering instance, the Ureshino
Tunnel Line Ion Nagasaki Expressway, to account for the mechanism of delayed
deformations occurred during the tunnel's first five years of service life. It is feasible to
estimate the "realistic" rheological parameters by the proposed parameter estimation
technique, but there is no guarantee that this kind of estimation is always reliable due to
the stochastic nature in this method. The stochastic nature of this technique is discussed
in detail. The randomness in the genetic algorithm is relatively small, when the number
of individuals in each generation is large enough. In contrast, the randomness in the
network training process is comparatively large, because the available datasets are
insufficient comparing with the number of datasets required to train the network well.
Therefore, it is suggested that the networks with less hidden neurons are preferred, on
the condition that the errors between the simulation results and monjtoring data are
acceptable. It is difficult (or impossible) to find an estimation whose simulation results
could agree well with all the monitoring data simultaneously. Therefore, it is up to the
engineer to select a best estimatio~ from those ones provided by the BN and GA,
according to his/her judgment. The rheological parameters estimated by the proposed
technique are expected to help the tunnel convergence prediction and the tunnel.
maintenance in the future.
The construction and maintenance of the mountain tunnel are going on developing in
the 21 st century, and the author expects that these researches presented in this doctor
thesis could give some contributions to the evolving discipline.
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Appendix A: FLAC3D and FISH Codes
A1. Introductton to the FLAC3D and FISH codes
The implementation details of numerical simulations for the Ureshino Tunnel Line I
are explained in this appendix. The numerical simulations can be divided into three
stages: initial states, excavation process and rheological process.
In stage one, the initial geological conditions are set up, which include the meshes of
the ground, the initial stresses, the boundary conditions and the constitutive laws for the
ground. After calculating into equilibrium, the numerical models are saved in the file of
"initial.sav" as the initial states.
In stage two, the tunnel opening is excavated gradually and the first supports
(shotcrete and bolts) are ins\alled immediately after each excavation cycle. The tunnel
dimensions and the excavation process are illustrated in Fig. 5-2 and Fig. 5-3. For
example, Fig. 5-5 shows the numerical meshes when the tunnel face is located in
STA211+79. The second lining is installed after all the excavation cycles are completed.
-After calculating into equilibrium, the numerical models are saved in the file of
"complete.sav" as the construction completed states.
In stage three, the Burger-Me deterioration rheological model is applied to the
surrounding rock mass. The numerical models proceed to rheological calculation and
focus on the delayed deformations during the first five years' service life of the tunnel.




concrete_thick=O.35 ; thickness of the concrete lining
shotcrete_thick=O.15 ; thickness of the shotcrete lining
total_thick=concrete_thick+shotcrete_thick ; thickness of the concrete lining in the invert
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rad_~iddle_0=9.3 . ;. radius of the middle arc
rad_middle_l =rad_middle_O+concrete_thick
rad_middle_2=rad_middle_1 +shotcrete_thick
rad_Iower_0=10.735 ; radius of the lower arc
rad_Iower_2=rad_lower_0+total_thick
foot_high=2.1 ; height from foot to springline
tunnel_Iong=I.O ; extension span along the tunnel axis (y direction)






cl_x=rad_upper_O-rad_middle_O ; center of the middle arc
cl_y=O.O
cl_z=O.O
















Fig. AI. Tunnel dimensions around the opening
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angle_cO=pi/2 ; the angle of the upper arc centered at cO
angle_cl=-asin(foot_high/rad_middle_O) ; the angle of the middle arc centered at cl


























































The variables in user_initial are used as temporary variables in
the following codes, so they should be defined and initiated in
advance.
Properties of rock mass include density, Young's modulus,
Poisson ratio, cohesion, friction angle, dilation angle, initial


















Properties of linings include Young's modulus, Poisson ratio,
cohesion, friction angle, dilation angle.
Properties of bolt include bolt length, bolt diameter, bolt yield
tension, bolt Yong's modulus, grout diameter, grout cohesion,
grout friction angle, and grout shear modulus.
This user function is used to create the
meshes of upper linings. You need the
coordinates of the center point, the angles,
the inner radii, the thickness at both the
begin and the end of the arc.
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zone_number2=zone_number1+zon~_number_inc-l
corrimand
gen zone cshell pO (pO_x,pO-,-y,pO_z) p2 (p2_x,p2_y,p2_z) pI (pl_x,pl_y,pl_z) p3
(p3_x,p3_y,p3_z) size (sizel,l,size3,1) ratio (1,1,1,1) dim (radius_I, radius_2, radius_I, radius_2)
endcommand
end
; you need the coordinates of center points, the begin and the end angles of the arc
; the begin and the end inner radii of the arc, the begin and the end thickness of the arc










This user function is used to create the
meshes of excavated rock mass (tunnel
opening). You need the coordinates of the
center point and the ID number of the






gen zone cylinder pO (pO_x,pO_y,pO_z) p2 (p2_x,p2_y,p2_z) pI (pl_x,pl_y,pl_z) p3
(p3_x,p3_y,p3_z) size (sizel,l,size3) ratio (1,1,1)
endcommand
This user function is used to create the
meshes of upper surrounding rock mass.
You need the coordinates of the center
def gen_radcyl
point, the ID number of the other two
zone_numberl=zone_number2+1
control points and the inner radii at both
zone_number_inc=size3*size4
the begin and the end of the arc.
zone_number2=zone_numberl +zone_number_inc-l '----------------.....
command
gen zone radeyl pO (pO_x,pO_y,pO_z) p2 (p2_x,p2_y,p2_z) pI (pl_x,pl_y,pl_z) p3
(p3_x,p3_y,p3_z) p6 (p6_x,p6_y,p6_z) p7 (p7_x,p7_y,p7_z) size (1,I,size3,size4) ratio
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This user function is used to create the
meshes of surrounding rock mass in the
middle (typel), in the invert (type2) and
in the corner (type3). You need the
coordinates of the center point, the ID
number of the other three control points.
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ifbrick_type=2 then ; for the lower surrounding rock mass
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gen zone brick pO (pO_x, pO_y, pO_z) p2 (p2_x, p2_y, p2_z) &
pI (pl~x, pl_y, pl_z) p3 (p3_x, p3_y, p3_z) p6 (p6_x, p6_y, p6_z) p7 (p7_x, p7_y, p7~z) &
size (sizel, 1,size3) ratio (ratiol,1,ratio3)
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This user function is used to merge two
gridpoints to modify the joint lining
segment between the middle arc and the
lower arc. You need the id numbers of the
two gridpoints that you want to merge.



















These two user functions are used to















sel cable propxcarea bolt_area, emod bolt_e, ytens bolt-ytens





This user function is used to install the bolts around the upper tunnel opening. You need
the number of bolts. Then these bolts are installed evenly around the upper tunnel














sel cable prop xcarea bolt_area, emod bolt_e, ytens bolt_ytens
sel cable prop gr_per grout_perimeter, gr_coh grout_cohe, gr_fTIc grout_fric, gr_k grout_k
endcommand
end
Similar with the above one, this user function is used to install the bolts around the
middle tunnel opening. You need the number ofbolts you want to install.
The meshes of the upper linings are generated
by using the user ful).ction of gen_cshell.
;------------------------------ generation of the meshes
;---------- upper linings
set pO_x=cO_x pO_y=cO_y pO_z=cO_z
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set thick..:..:l =concrete_thick thick_2=concrete_thick
gen_csheil
group concretelining range id zone_numberl zone_number2
set radius_l =rad_upper_l radius_2=rad_upper_l
set thick_l =shotcrete_thick thick_2=shotcrete_thick
gen_cshell
group shotcretelining range id zone_numberl zone_number2
;---------- middle linings
set pO_x=cl_x pO_y=cl_y pO_z=cl_z
set p2_x=cl_x p2_y=tunnel_Iong p2_z=cl_z
set azimuthl=angle_cl azimuth2=O.O
set size1=1 size3=4
The meshes of the middle linings are generated
by using the user function of gen_cshell.
set radius_l =rad_middle_O radius_2=rad_middle_O
set thick_l =concrete_thick thick_2=concrete_thick
.gen_cshell
group concretelining range id zone_numberl zone_number2
set radius_l =rad_middle_l radius_2=rad_middle_l
set thick_l =shotcrete_thick thick_2=shotcrete_thick
gen_cshell
group shotcretelining range id zone_numberl zone_number2
;---------- invert linings
set pO_x=c2_x pO_y=c2_y pO_z=c2_z
set p2_x=c2_x p2_y=tunnel_Iong p2_z=c2_z
set azimuthl=-l.57l azimuth2=angle_c2
set size1=1 size3=1°
The meshes of the invert linings are generated
by using the user function of gen_cshell.
set radius_l=rad_Iower_O radius_2=rad_Iower_O
set thick_l =total_thick thick_2=total_thick
gen_cshell
group concretelining range id zone_numberl zone_number2
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;---'---~--- joint the middle-linings and the lower linings
set ratio_xpos=1.015 ratio_zpos=1,,015
set id_O=131 id_1 =179
;---------- excavated rock
set pO_x=cO_x pO_y=cO_y pO_z=cO_z
set p2_x=cO_x p2_y=tunnel_long p2_z=cO_z
set size 1=5 size3=18
The middle and the lower linings are
attached compulsorily, by using the user
function ofmerge~.
set id_1 =1 id_3=73
gen_cylinder
group exca range id zone_number1 zone_number2
set size1=5 size3=1
set id_1 =115 id_3=118
gen_cylinder
group exca range id zone_number1 zone_number2
set id_1=118 id_3=123
gen_cylinder
group exca range id zone_number1 zone_number2
set id_1 =123 id_3=127
gen_cylinder
group exca range id zone_number1 zone_number2
set id_1 =127 id_3=1
gen_cylinder
group exca range id zone_number1 zone_number2
set id_1=139 id_3=142
gen_cylinder
group exca range id zone_number1 zone_number2
setid_1=142 id_3=147
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gen_cylinder .
group' exca range id zone_numberl zone~number2
set id_l=147 id_3=151
gen_cylinder
group exca range id zone_numberl zone_number2
set id_l=151 id_3=155
gen_cylinder
group exca range id zone_number1 zone_number2
set id_l=155 id_3=159
gen_cylinder
group exca range id zone_number1 zone_number2
set id_l=159 id_3=163
gen_cylinder
group exca range id zone_numberl zone_number2
set id_l =163 id_3=167
gen_cylinder
group exca range id zone_numberl zone_number2
~etid_l=167id_3=171
gen_cylinder
group exca range id zone_numberl zone_number2
set id_l =171 id_3=175
gen_cylinder
group exca range id zone_number1 zone_number2
set id_l=175 id_3=115
gen_cylinder
group exca range id zo~e_numberl zone_num~er2
gen merge 0.01
;---------- upper surrounding rock mass
set pO_x=cO_x pO_y=cO_y pO_z=cO_z
set p2_x=cO_x p2_y=tunnel_Iong p2_z=cO_z
set p1_x=k2_x p1-y=k2_y pl_z=k2_z
set p3_x=k3_x p3-y=k3_y p3_z=k3_z
set p6_x=k5_x p6-y=k5_y p6_z=k5_z
set p7_x;:::k5_x p7_y=tunnel_Iong p7_z=k5_z
setsize3=18 size4=18
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The excavated rock mass (i.e. tunnel
opening) are generated, by using the
user function of gen_cylinder.
The upper surrounding rock mass are
generated, by using the user function of
gen_radcyl.
set ratio3=1.0 rati04=1.08
.set radius_1 =rad_upper_2 radius_2=rad_upper_2
gen_radcyl
group rock range id zone_number1 zone_number2
gen merge 0.01






group rock range id zone_number1 zone_number2
set id_0=137 id_2=138 id_1=135
gen_brick
group rock range id zone_number1 zone_number2
set id_0=135 id_2=136 id_1=133
gen_brick
group rock range id zone_number1 zone_number2
setid_0=133id_2=134id_1=179
gen_brick
group rock range id zone_number1 zone_number2






group rock range id zone~number1 zone_number2
setid_0=149id_2=150id_1=145
gen_brick
group rock range id zone.-;..number1 zone_number2
set id_0=153 id_2=154 id_1=149
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The middle surrounding rock mass are
generated, by using the user function of
gen_brick.
The lower surrounding rock mass are
generated, by using the user function of
gen_brick.
Appendix-A: FLAC3D and FISH Codes
gen~brick
group rock range id zone_number1 zone_number2
set id_0=157 id_2=158 id_1=153
gen_brick
group rock range id zone_number1 zone_number2
setid_0=161 id_2=162id_1=157
gen_brick
group rock range id zone_number1 zone_number2
setid_0=165id_2=166id_1=161
gen_brick
group rock range id zone_number1 zone_number2
setid_0=169id_2=170id_1=165
gen_brick
group rock range id zone_number1 zone_number2
set id_0=173 id_2=174 id_1'=169
gen_brick
group rock range id zone_number1 zone_number2
setid_0=177id_2=178id_1=173
gen_brick
group rock range id zone_number1 zone_number2
setid_0=179id_2=180id_1=177
gen_brick
group rock ra!1ge id zone_number1 zone_number2






group rock range id zone_number1 zone_number2
;-------------------- copy along y axis
defzone_copy
loop offset_nn (1, 29)
offset_dist=offset_nn*tunnel_Iong
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The comer surrounding rock mass are
generated, by using the user function of
gen_brick.
command








prop bulk rock_k shear rock~
prop fric rock_fric cohe rock_cohe dila rock_dila
;-------------------- initial and boundary conditions
init sxx rock_sxx, szz rock_szz, syy rock_syy
ini dens rock_dens
set gravity 0 0 -9.8
set boundary_middle=O.O
fix x range x boundary_lower boundary_upper
set boundary_middle=k2_x
fix x range x boundary_lower boundary_upper
set boundary_middle=O.O
fix y range y boundary_lower boundary_upper
set boundary_middle=offset_dist
fix y range y boundary_lower boundary_upper
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Copy all the zones between the section 0
and the section 1 along the longitudinal
direction for twenty-nine times, to create
the fu1l3D model.
The constitutive laws for the whole rock
mass is Mohr-Coulomb, at this stage.
The left, .right, front, back and bottom
boundaries are fix. An additional loading
corresponding to earth cover is applied at
the top boundary.
set boundary_middle=k4_z
fix z range z boundary_lower boundary_upper
set boundary_middle=k3_z
apply szz rock_szz range z boundary_lower boundary_upper
-----------------
The model steps into initial b~lance, and
;----------------~--- step into initial balance then saved as initial.sav
solve
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These four user functions are used to monitor
(record) the tunnel convergences of the interested
positions at some interested steps.
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ini xdisp 0.0 ydisp 0.0 zdisp 0.0
say initial.sav
A3. Simulation of excavation process
res initia1.sav









p~13=find~(l1670) ; three monitor points at y=10 cross section
p~21=fmd~(29534)
p~22=find~(29027)





line(line_ptr)=string(gp_zdisp(p~ll)) +' '+ string(gp_xdisp(p~12)) +' '+
string(gp_zdisp(p~13))+ ' ,









These three user functions are used to define the
excavation cycle, the shotcrete lining and bolt
installation cycle and the second lining installation
process.
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;----------~-----:..-----~-- user defined function for excavation process
def excavate
command
model null range group exca y y_lower y_upper
model null range group concretelining y y_lower y_upper





model mo range group shotcretelining y y_lower y_upper
prop bulk liningl_k shear liningl~ range group shotcretelining y y_Iower y_upper








model mo range group concretelining y 0.0 y_upper
prop bulk lining2_k shear lining2~ range group concretelining y 0.0 y_upper






























This user function is used to simulate the excavation
process gradually (a total of 30 cycles). And 'the
numerical model is saved as complete.sav
The proposed Burger-Me deten·oration model is
applied to the surrounding rock mass. The six
rheological parameters under estimation are
defined here, and used in the following.
A4. Simulation of rheological process
res complete.sav








rock_deter_c=2.0e4 ; cohesion loss per year
rock_deter_f=2.0 ; friction loss per year
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config creep zextra 2
nnodel cvisc range group rock
prop bulk rock_k kshear rock_kshear nnshear rock_nnshear range group rock
prop kvis rock_kvis nnvis rock_nnvis range group rock






This user function, which account for the proposed
rheological nnodel, can be div~ded into two parts. The
nunnerical nnodel is undergone conventional rheological
calculation for one nnonth (i.e. 2592000 seconds) in the
first part. Then the rheological paranneters are nnodified
according the stress states in the second part.p_zone=zone_head





set creep dt auto on
set creep Ifob=2.0e-5 creep lnnul = 1.025










































The user function super_step is repeated sixty
times to account for the tunnel states during its
first five years' service life. And the numerical
model is saved as month_nn.sav
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